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Microwave excitation of spin wave beams in thin ferromagnetic films
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We present an approach enabling generation of narrow spin wave beams in thin homogeneous
ferromagnetic films. The main idea is to match the wave vector of the spin wave with that cor-
responding to the spectral maximum of the exciting microwave magnetic field only locally, in the
region of space from which the beam should be launched. We show that this can be achieved with
the aid of a properly designed coplanar waveguide transducer generating a nonuniform microwave
magnetic field. The resulting two-dimensional spin wave beams obtained in micromagnetic simu-
lations propagate over distances of several micrometers. The proposed approach requires neither
inhomogeneity of the ferromagnetic film nor nonuniformity of the biasing magnetic field, and it can
be generalized to yield multiple spin wave beams of different width at the same frequency. Other
possible excitation scenarios and applications of spin wave beam magnonics are also discussed.
PACS numbers: 75.30.Ds, 84.40.-x, 75.40.Gb, 76.50.+g
Magnonics is an emerging field of research and tech-
nology [1] whose area of interest is spin wave (SW) dy-
namics. It is closely related to photonics, which deals
with electromagnetic waves, and phononics, which is con-
cerned with elastic waves. Generation [2, 3], transmission
[4, 5], signal processing [6], amplification [7], and detec-
tion [8] of SWs are major subjects of study in magnon-
ics. Basic components performing these operations in
nano- and mesoscale have been recently demonstrated.
However, their functionality and performance require sig-
nificant improvement to make magnonic elements com-
petitive (in terms of energy efficiency, throughput, etc.)
with other kinds of integrated devices: electronic, pho-
tonic or acoustic [9, 10]. The theoretical underpinnings
of magnonics also constitute a rich and still not fully ex-
plored research area. SW caloritronics [11], magnonics-
spintronics [12], magnonic crystals [13], magnonic meta-
materials [14], and Bose-Einstein condensates of magnons
[15] are some of the topics whose investigations have been
started in recent years.
The crucial milestone in modern photonics (both from
the scientific and the technological perspective) was the
development of efficient sources of coherent light beams:
lasers. In magnonics, an efficient source of coherent SW
beams is still not available, in spite of many attempts
at its development. The caustic effect [16], nonlinear
self-focusing of SWs [17, 18], and inhomogeneous inter-
nal magnetic field (the sum of all magnetic fields inside
magnetic material) [19] are among the beam excitation
mechanisms investigated to date. The first is limited to
low frequencies, i.e., to magnetostatic SWs, which have
a caustic dispersion relation. The excitation is limited to
specific angles with respect to the direction of the mag-
netization vector, which needs to be in the plane of the
film. The second approach requires excitation of SWs
with high amplitude and the beam spreads quickly after
passing the focal point. In the third approach, it is neces-
sary to create an inhomogeneity of the internal magnetic
field, i.e., to enclose SW excitations to propagate within
channels of the static magnetic field with decreased mag-
nitude, thus technologically complex.
On the other hand, electromagnetic wave
transducers—microstripe and coplanar waveguides
(CPWs)—are extensively used in studies of SWs in thin
ferromagnetic films [20, 21], in particular as sources of
plane-wave-like SWs. In this paper, we propose and
numerically validate with micromagnetic simulations
(MSs) a method of excitation of narrow SW beams in
homogeneous ferromagnetic thin films using the mag-
netic field generated by microwave-frequency transducers
with a suitable geometry. We demonstrate that efficient
excitation of a SW beam can occur only within those
space regions where the wave vectors of the SW and the
Fourier-transformed distribution of the microwave (mf)
magnetic field match. To ensure that this condition
holds only locally, we vary the transducer’s profile along
the current flow direction. This affects the spatial distri-
bution of the magnetic field induced by the current and,
in particular, its Fourier spectrum along the expected
direction of SW propagation. In its most basic form,
this method enables excitation of a single well-localised
SW beam propagating perpendicularly to the waveguide
axis. By adapting the transducer’s geometry, this
approach can be generalised so that multiple SW beams
of identical or different width appear simultaneously
in different regions of the ferromagnetic film. Other
possible scenarios and applications are also discussed.
Throughout this paper, we consider the propagation
of SWs in a ferromagnetic film of thickness tf = 20 nm
made of yttrium-iron garnet (YIG). YIG is a promis-
ing dielectric material with the lowest damping of SWs
ever recorded. Recently, the technology of ultra-thin YIG
2film deposition has been developed, holding promise for
integrated magnonics [24, 25]. We assume the film is
saturated normal to its plane, i.e., along the z axis, by
an external magnetic field µ0H = 1 T, where µ0 is the
permeability of vacuum. We take the YIG magnetiza-
tion saturation to be MS = 0.194 × 10
6 A/m, exchange
constant A = 0.4 × 10−11 J/m, and gyromagnetic ratio
γ = 176 rad GHz/T [26].
The results of MSs reported in this paper have been
obtained with the open-source software MuMax3 employ-
ing the finite difference method [23]. We used a finite
difference grid with resolution 5 nm in the x and y direc-
tions (i.e., in the film plane) and 20 nm in the z direction
(along the normal to the film surface) and the Landau-
Lifshitz equation was solved using the RK45 (Dormand-
Prince) method[27, 34]. The distributions of the mag-
netic fields generated by CPWs and used to excite the
SWs have been calculated with CST Microwave Studio,
a commercial Maxwell solver based on the finite integra-
tion method [22].
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Figure 1. (a) The dispersion relation of SWs in a 20-nm
thick YIG film with out-of-plane magnetization placed in an
external magnetic field of 1 T. (b) The Fourier transforms FT1
and FT2 of the microwave magnetic fields h
mf
y,1(y) and h
mf
y,2(y)
emitted by two CPWs, CPW1 and CPW2, at frequency f0.
kexc,1 is the location of the maximum of FT1. At kexc =
kSW(f0), the wave number of SWs at frequency f0, the value
of FT1 is still close to maximal, while FT2 has a minimum.
Let us now discuss the basic principle of the selective
(local) wave vector matching. Following [8], we assume
that the efficiency of monochromatic SW excitation by a
CPW depends, in particular, on the quality of the match
between the wave number kSW(f0) of the SW at the exci-
tation frequency f = f0 and the wave number kexc corre-
sponding to the maximum of the Fourier transform (FT)
of the microwave magnetic field hmf oscillating at the
same frequency. Thus, the most efficient excitation of
SWs occurs when
kSW(f0) = kexc. (1)
On the other hand, if the magnitude of the FT at a
wave number k = knexc is very small, there is no matching
and no efficient SW excitation should arise. These facts
make it possible to engineer the wavefronts of excited
SWs, and in particular to excite SW beams with high
efficiency.
Figure 1(a) shows the dispersion relation of SWs in a
YIG film of thickness tf = 20 nm, calculated with the
analytical formula [26]
f(kSW) =
γµ0
2pi
[(
H −MS +
2A
µ0MS
k2SW
)
×
(
H +
2A
µ0MS
k2SW −MS
1− e−kSWtf
kSWtf
)] 1
2
.
(2)
In line with Eq. (2), the dispersion is independent from
the direction of the wave vector and has a predominantly
parabolic behavior in the considered wave number range.
For reasons discussed below, SWs are excited mainly
by the microwave magnetic field component parallel to
the expected direction of their propagation, further de-
noted by y. Thus, we focus on the behavior of F
[
hmfy (y)
]
,
the FT of hmfy (y). Fig. 1(b) shows the Fourier transforms
FT1 = F
[
hmfy,1(y)
]
and FT2 = F
[
hmfy,2(y)
]
of the mag-
netic fields generated by two realistic uniform transduc-
ers. Their geometry will be detailed later in the paper.
At frequency f0 = 22.12 GHz [29], Eq. (1) holds only for
FT1 [kexc = 1.8× 10
7 m−1≈ kSW(f0), see Fig. 1]; there-
fore one may expect that at this frequency SWs can be
excited only with the field hmfy,1(y). the transducer is de-
signed so that it produces the magnetic field distribution
hmfy,2(y) over most of its length and h
mf
y,1(y) only along a
short section, an SW will be excited only in that short
section of the transducer. Provided that this section is
at least a few times longer than the SW wavelength, this
should give rise to a well-collimated SW beam. Beam ex-
citation in a wide frequency band will be possible if the
dip in FT2 near kexc = kSW is sufficiently broad and the
slope of the SW dispersion relation near kexc sufficiently
steep.
Now, let us briefly revisit SW excitation by the mi-
crowave magnetic field induced by a current flowing
through the uniform transducer shown in Fig. 2(a) [21].
The CPW consists of a signal line of width w separated by
gaps of width s from two identical ground lines. All lines
are deposited on a nonmagnetic, dielectric layer of thick-
ness td covering the ferromagnetic film. A microwave sig-
nal in the CPW generates the field hmf , which oscillates
in the (y, z) plane, i.e., perpendicular to the CPW axis,
see Fig. 2(b). In the plane of the ferromagnetic film, only
the y component of this field exerts a non-zero torque on
the magnetization, which is parallel to the z axis. This
torque induces coherent magnetization precession around
the equilibrium direction and causes generation of SWs
propagating along the y axis.
Figure 2(c) shows the profile of the microwave mag-
netic field 7.5 nm below the ground and signal lines of
two CPWs made of Cu with conductivity σ = 5.88× 107
S/m [30], nm, operating at f0 = 22.12 GHz. The di-
electric layer has thickness td = 5 nm. The width of
the signal line in CPW1 is w1 = 65 nm and in CPW2,
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Figure 2. (a) Perspective view and (b) cross-section of a CPW
consisting of a signal line (denoted by S) and two ground lines
(denoted by G). A ferromagnetic (YIG) film of thickness tf is
separated from the CPW by a nonmagnetic, dielectric layer of
thickness td. The YIG is saturated normal to the film plane by
an external magnetic field H . The microwave signal transmit-
ted along the x axis generates a magnetic field hmf , which ex-
erts a torque on the magnetization in YIG. (c) The y compo-
nent of the microwave magnetic field along the y axis, hmfy (y),
excited by CPW1 (red line) and CPW2 (blue line), obtained
from CST simulations. (d)–(e) Dynamic component of the
magnetization vector of the SWs induced by the microwave
magnetic field from (d) CPW1 and (e) CPW2, obtained from
MSs. The horizontal white dashed lines correspond to the
signal line width.
w2 = 260 nm. The total width of the transducers and the
width of the gap between the signal and ground lines are
the same in both waveguides: W1 = W2 = 1.5 µm and
s1 = s2 = 85 nm. By Fourier-transforming the field dis-
tributions from Fig. 2(c) we obtain the curves FT1 and
FT2 from Fig. 1(b). This shows that the desired behav-
ior of hmfy (y) in the ferromagnetic film can be achieved
by taking advantage of the sensitivity of the field profile
of the CPW mode to the signal line width w. Indeed,
Figs. 2(d) and 2(e) show the SWs induced by CPW1 and
CPW2 at f0 = 22.12 GHz, i.e., when kSW(f0) ≈ kexc
for the former and kSW(f0) 6= kexc (kSW(f0) ≈ knexc) for
the latter. Note that in CPW2 F
[
hmfy,2(y)
]
is close to 0
at k = kSW(f0), see Fig. 1(b). As expected, propagat-
ing SWs are excited only in CPW1, in which Eq. (1) is
satisfied.
To restrict SW generation to a short section of the
transducer and hence to obtain a clearly defined beam,
we vary the CPW geometry along the x axis. The signal
line width is changed from w2 at x = −(lw + lb/2) to
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Figure 3. (a) Geometry of the nonuniform CPW proposed to
excite an SW beam. (b) Dynamic component of the magne-
tization vector of the SW beam excited in a thin YIG film
by the microwave magnetic field [shown in plot (c)] induced
by the nonuniform CPW (results of MSs). (c) Distribution
of the microwave magnetic field hmfy induced by the CPW on
the top surface of the YIG film. The shape of the signal line
is marked with dashed white lines. (d) Profile of hmfy along
the axis of the signal line, y = 0.
w1 at x = −lb/2 and back from w1 at x = lb/2 to w2
at x = lw + lb/2, as shown in Fig. 3(a). The gap width
s = 190 nm and the total CPW width W = 3 µm are
kept constant. In calculations, we take lw = 1.5 µm and
lb = 200 nm. The microwave magnetic field distribution
depends now also on the x coordinate: hmfy = h
mf
y (x, y).
To match the mesh cells of MSs, the field used in MSs
was constructed by interpolating field profiles hmfy (xj , y)
obtained from CST simulations at several values xj of x
(where xj+1 − xj = 150 nm), using the following linear
homotopic transformation providing a linear change of
the line width between points xj and xj+1:
hmfy (x, y) = h
mf
y
(
xj , y
y0,j
B(x, y)
)
+ c(x)
[
hmfy
(
xj+1, y
y0,j+1
B(x, y)
)
− hmfy
(
xj , y
y0,j
B(x, y)
)]
,
(3)
where B(x, y) = y0,j + c(x)(y0,j+1 − y0,j) and c(x) =
(x − xj)/(xj+1 − xj). The symbol y0,j denotes the zero
of hmfy (xj , y) on the half-line y > 0. This approach was
introduced to conserve the proper position of zeros of the
field in the transition region. The map of the y compo-
nent of the microwave magnetic field generated by this
nonuniform CPW on the top surface of the ferromagnetic
film is shown in Fig. 3(c).
Figure 3(d) shows the distribution of the dynamic mag-
netic field hmfy at the top surface of the YIG film along
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Figure 4. Dynamic component of the magnetization vector in
three SW beams formed simultaneously in a thin YIG film by
the microwave magnetic field generated by a single complex-
shaped CPW (results of MSs). The left and right beams,
generated by a nonuniform CPW with lb = 0 nm and lw =
0.9 µm, are narrower than the middle beam, generated by a
CPW with lb = 100 nm and lw = 1.8 µm.
the x axis, i.e., the symmetry axis of the signal line. The
dynamic component of the magnetization vector of a SW
generated at 22.12 GHz with the aid of this CPW in the
homogeneous YIG film is plotted in Fig. 3(b). The beam-
type behavior of the SW is evident, so that the basic
idea of the suggested approach is justified. As expected,
the beam remains well convergent even at large distances
from the transducer. The SW beam width at the half-
power level is 1.5 µm in the beam waist lying at y = 0.
This width can be controlled by adjusting the length of
the transducer section having the profile of CPW1, lb,
and the size and curvature of the transition section, lw,
as will be shown in the next paragraph. The minimum
achievable beam width is likely to be restricted by the
available nanofabrication technology.
Since the basic mechanism of SW beam generation
in YIG films has now been numerically validated, it is
worthwhile to consider further excitation scenarios. For
example, multiple modulated sections can be introduced
into a CPW to generate multiple coherent SW beams in
a homogeneous ferromagnetic film. An example of SW
excitation in a multibeam regime is presented in Fig. 4.
As the beam divergence is weak, individual beams do
not interfere with each other in the considered space re-
gion. Each beam may have different characteristics, such
as its width and intensity, since they are determined by
the geometry of the local CPW perturbation. This opens
a route to multichannel structures for SWs created sim-
ply by modulating the microwave magnetic field through
local modifications of the transducer geometry, with no
need to make either the ferromagnetic film or the biasing
magnetic field nonuniform.
The possibilities discussed above do not exhaust the
broad range of potential applications of SW beam
magnonics. For instance, demultiplexer-type operation
might be achieved by creating such a distribution of
hmfy (x, y) that injection of a mixed dual-frequency mi-
crowave signal into the CPW would cause efficient gen-
eration of SW beams at two distinct frequencies within
different regions of the YIG film, associated with differ-
ent virtual propagation channels. However, to realize
this regime, additional design efforts are required, e.g., to
limit excitation at undesirable frequencies in both chan-
nels.
SW beams can also be utilized for sensing, transmit-
ting signals, or performing logic operations. In particu-
lar, the concepts of logic elements based on interference
effects, such as Mach-Zehnder interferometers, can also
be adapted for SW-beam-based operation, provided that
a mechanism for introducing a controllable phase shift
between two SW beams is developed. Reading can be
done by direct beam interference [31] (this will require
a change of the beam propagation direction) or using a
detecting CPW transducer of appropriate width [32, 33].
To summarize, we have proposed to use nonuniform
microwave CPW transducers to excite effectively even
high frequency SW beams in thin YIG films. Modula-
tion of the transducer geometry ensures that the neces-
sary condition of SW generation, the match between the
SW wave vector and the maximum of the spatial Fourier
transform of the microwave magnetic field induced by
the transducer, is satisfied only locally, in a short section
of the waveguide. The beam characteristics, such as its
waist width, are controlled by the geometry of the modu-
lated transducer section. The presented numerical exam-
ples demonstrate the potential of the proposed approach,
which holds promise as a platform for future SW-based
circuitry. In particular, we have shown that multiple SW
beams associated with separate virtual propagation chan-
nels can be generated in a single thin ferromagnetic film.
Manipulation of such beams in particular magnonic de-
vices will be the subject of upcoming research.
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